The natural killer (NK) receptor gene complex (NKC) encodes a large number of C-type lectin-like receptors, which are expressed on NK and other immune-related cells. These receptors play an important role in regulating NK-cell cytolytic activity, protecting cells against virus infection and tumorigenesis. To understand the evolutionary history of the NKC, we characterized the C-type lectin-like NKC genes and their organization from four major orders of placental mammals, primates (human), rodents (mouse and rat), carnivores (dog), and artiodactyls (cattle) and then conducted phylogenetic analysis of these genes. The results indicate that the NKC of placental mammals is highly heterogeneous in terms of the gene content and rates of birth and death of different gene lineages, but the NKC is also remarkably conserved in its gene organization and persistence of orthologous gene lineages. Among the 28 identified NKC gene lineages, 4, KLRA1, KLRB1, CLEC2D, and CLEC4A͞B͞C, have expanded rapidly in rodents only. The high birth and death rate of these 4 gene families might be due to functional differentiation driven by positive selection. Identification of putative NKC sequences in opossum and chicken genomes implies that the expansion of the NKC gene families might have occurred before the radiation of placental mammals but after the divergence of birds from mammals.
N
atural killer (NK) cells are a group of lymphocytes which have intrinsic cytolytic activity against certain virus-infected and tumor cells. They are crucial in innate immunity, as demonstrated by their ability to kill target cells without prior exposure to pathogens (1) . The ligands of the NK cell receptors (NKR) are mostly MHC class I molecules. Most NKRs belong to two large gene families, the Ig superfamily and the C-type lectin superfamily (CLSF) (2) (3) (4) , clustered at a different genomic region. The CLSF proteins are characterized by the possession of at least one C-type lectin-like domain (CTLD). The CLSF proteins are classified into 14 groups designated I-XIV, and each group is distinguished from other groups primarily by the type of additional domains its members share (5) . The sequences of the CTLDs from the different groups are alignable, whereas the sequences outside the CTLD are generally not.
In the human species, genes encoding the CTLD-bearing NKRs are clustered in a single region, the NK receptor gene complex (NKC) on chromosome 12p13 (2, 4) . The C-type lectin genes in the NKC belong to groups II and V of the 14 CLSF groups. Although many group V proteins are known to function as NKRs, the remaining group V and all group II proteins are not expressed in NK cells and appear to have different functions (4) . The original function of the CTLD appears to have been binding of carbohydrates in the presence of Ca 2ϩ ions. This function has been retained by most of the CTLDs in the 14 groups, but the CTLDs of the group V CLSFs have lost this function and have become involved in protein-protein interactions instead (5) .
Previous studies (2, 4) described the conserved genomic structure of NKC in human, mouse, and rat. The gene content of the NKC from other species, the extent of variation in gene numbers among species, and the long-term evolutionary history of the NKC remain largely unknown. To address these issues, we searched six mammalian genomes and one avian genome, specifically, human, mouse, rat, dog, cattle, opossum, and chicken, for either the entire NKC genomic segment or the putative NKC sequences. By this large-scale, multispecies comparison, we have been able to trace the important evolutionary changes the NKC has undergone during the last 300 million years of its existence.
Results
To gain an insight into evolution of the NKC, in the first phase of the study, we searched the genomic databases of five mammalian species for C-type lectin-like NKC genes. The five species represent four orders of placental mammals: Primates (human), Rodentia (mouse and rat), Carnivora (dog), and Artiodactyla (cattle). We also determined the position of the individual genes in the genomes and classified them in terms of their homology to genes identified by other investigators. The results of this analysis are summarized in Figs. 1 and 2. Fig. 1 compares the organization of the NKCs in the five species, and Fig. 2 shows the phylogenetic relationships among the identified sequences. For additional information about the individual genes, see Table 1 , which is published as supporting information on the PNAS web site.
Overall Organization of the NKC. In four of the five species, the NKC occupies a single chromosomal region (12p13 in human, 6 in mouse, 4 in rat, and 27 in dog). In cattle, however, it is divided between two chromosomes, 1 and 5. In all of the five species, the NKC contains genes of 2 of the 14 CLSF groups, II and V. In the three nonrodent mammals, these two groups occupy separate genomic segments, which are adjacent to each other in human and dog but on separate chromosomes in cattle (Fig. 1) . In the two rodent species, one of the group V genes (KLRG1) has been transposed to a location at the other end of the group II segment. The transposition, therefore, must have occurred before the divergence of mice from rats, but presumably after the divergence of rodents from the other three orders. The genes in the group II segment are arranged in the same order in the five species, except that the segment appears to be inverted in the dog. The possibility that the inversion is an artifact of an erroneous contig assembly could not be excluded, however. The group II segment does not seem to contain any proven or implied NK cell receptor (NKR) genes in any of the five species.
The group V segment contains NKR genes [designated killer cell lectin-like receptor (KLR)] as well as other genes encoding the CTLD [designated C-type lectin (CLEC)] whose function is largely unknown, except that their products do not appear to act as NKRs. One of the CLEC genes (CLEC2D, previously called Ocil or Clr) apparently codes for the ligand of one of the KLR genes (KLRB1; see refs. 6 and 7). The KLR genes cluster at one end of the group V segment, except KLRB1 and KLRF, which are intercalated among the CLEC2 genes (Fig. 1) . Although the individual genes appear to have expanded and contracted by duplications and deletions during the evolution of the five species, the overall arrangement of the genes or gene groups has remained remarkably stable. This observation suggests that the expansions have occurred largely by tandem duplications and that the duplicated genes have remained clustered without subsequent rearrangements. The general order of the genes͞gene clusters in the group V segment of the five species is: KLRG1-KLRB1-CLEC2D-CD69-CLEC15A-CLEC1C-CLEC1D-CLEC1B-CLEC9A-CLEC1A-CLEC7A-OLR1-KLRD1-KLRK1-KLRC-KLRA1 , with some minor variations. Exceptions to this order are found mainly in cattle, in which some of the orthologues seemingly missing in the cattle group V segment are present in the unassigned genomic contigs. It is therefore possible that, when the genome is completely assembled, the genes will find their way back into the NKC. The orphan group V genes of cattle include KLRB1, KLRF1, KLRF2, CLEC1D, CLEC1B, CLEC9A, KLRH1, and KLRA1. They are clearly orthologues of their name-sakes in the other species (Fig. 2) , but their position in the genome is uncertain at this stage.
Phylogenetic Relationships. We collected 172 C-type lectin-like NKC sequences of the five mammalian species and used their corresponding protein sequences of CTLD to construct a phylogenetic tree by the neighbor-joining (NJ) method (Fig. 2) . In the collection, we included pseudogenes with complete CTLDencoding part, undisrupted by any stop codons. The Supporting Sequence Alignment is published as supporting information on the PNAS web site, and the full-length amino acid sequences of those putative functional NKC sequences can be found at our database (www.bio.psu.edu͞People͞Faculty͞Nei͞Lab͞databases. html). The tree served two main purposes: to identify orthologous sequences in the five species and to examine changes during evolution of the different lineages of orthologous genes. Generally, the identification of orthologues posed no great difficulty because their clustering on the tree was supported by high bootstrap values. The only confounding situations were those in which the gene apparently duplicated one or more times in a given species. In such cases, identification of a single gene in that species as an orthologue was not possible. Examples are the expansions of the CLEC4A͞B͞C, CLEC2D, KLRA1, and KLRB1 genes in the two rodent species. Some of these duplications took place before and others after the divergence of mice and rats. For the purpose of the present discussion, we treat each such a cluster as an orthologous group of the genes in other species.
On the tree in Fig. 2 , we identified 28 lineages of orthologous genes, including 11 KLRs, 15 CLECs, 1 OLR1, and 1 CD69. In addition, there were five singleton genes, of which four were from cattle and were mostly unmapped, whereas one, CLEC16, was found in the dog and seemed to be related to the KLRA genes. For simplicity, we didn't take these five genes into account in the following discussion. Of the 28 gene lineages, 15 had an orthologue in each of the five species examined. The absence of an orthologue in one or more species in the remaining 13 lineages could be explained by either the incompleteness of the genomic data in the databases (especially in the dog and cattle genomes) or gene deletions in one species or in the ancestors of some of the species. Two of the 28 gene lineages (CLEC15A and KLRF2) were identified in this study. The CLEC15A gene was found in the mouse, rat, dog, and cattle, and the human orthologue may have been lost. The KLRF2 gene was identified in the human and cattle, whereas the human sequence appears to be a pseudogene; the gene has apparently been lost in the two rodent species and has not been found in the dog genome thus far. The remaining 26 human and mouse genes were either identified previously or annotated by genome project ( Table 1) . Most of the orthologous genes in the dog and cattle had not been described.
The determination of phylogenetic relationships among the different orthologous lineages has proved to be more difficult than the identification of the orthologues themselves, especially among the KLR genes. Most, if not all, of the lineages apparently diverged before the divergence of the four mammalian orders sampled, but presumably at different times, because some of the lineages appear to be related more closely to one another than do others. Among the CLEC genes, two well supported monophyletic clades of orthologous lineages can be recognized, the CLEC4 clade composed of the CLEC4A-E and CLEC4N genes and the CLEC2 clade containing the CLEC2A, CLEC2B, CLEC2D, and CD69 genes. On the tree, the CLEC15A gene also groups with the CLEC2 clade, although the bootstrap support for the grouping is low in this case. Other monophyletic clades, admittedly not well supported, are the CLEC1 clade composed of the CLEC1A-D genes and possibly also the CLEC7A and OLR1 genes; and the KLRB͞F clade containing the KLRB1, KLRF1, and KLRF2 genes. The CLEC4 clade encompasses all the group II CLSF genes of the NKC; all the other clades contain group V CLSF genes. The groupings into clades are reflected in the standard HUGO nomenclature of these genes with minor modification (Table 1) . For instance, the CLEC12A gene has been renamed to CLEC1C, because it is more closely related to CLEC1 than to any other genes. Similarly, the CLEC6A gene in humans has been renamed to CLEC4N.
Rapid Expansion and Contraction of Rodent NKC Genes. The lengths of the NKCs in human, dog, and cattle are comparable (2.8 Mb, 2.4 Mb, and 3.3 Mb, respectively), as are the gene numbers (29, 22 , and 32, respectively). However, the mouse and rat NKCs encompassing 8.7 and 10.3 Mb, respectively, are 2.7 and 3.6 times longer than the human NKC, respectively. Corresponding to this length differences are differences in the number of genes: The human NKC (29 genes) contains only about one half of the genes present in the mouse NKC (57 genes) and slightly more than one third of the genes present in the rat (75 genes). These observations suggest that an expansion of genes occurred in the mouse͞ rat lineage compared with the lineage leading to the three other species and in the rat lineage in comparison with the mouse lineage. This suggestion is borne out by the phylogenetic analysis. The tree in Fig. 2 indicated that several genes in the complex have duplicated repeatedly in the mouse and rat lineages. Gene duplications in other species (e.g., CLEC1B in human and KLRI in cattle) had occurred to a much lesser extent. Rodent gene expansions occurred in both the KLR-and CLEC-type genes and affected some genes (or some parts of the NKC) more than others. The KLRA gene underwent, by far, the most extensive expansions in the two rodent species. To keep the NKC maps and the tree within acceptable limits, we have limited the presentations of the mouse and rat KLRA cluster to just a few genes in Figs. 1 and 2. In reality, however, the KLRA cluster of the mouse contains 15 genes and that of the rat contains 34 genes (8-10). In the CLEC category, the two gene lineages most subject to duplications are CLEC4A͞B͞C and CLEC2D. In the former, there are five and four genes in the mouse and rat, respectively. In the latter, there are eight and eleven genes in the mouse and rat, respectively, of which four and two, respectively, might be nonfunctional. A phylogenetic tree of the mammalian CLEC2D genes, including pseudogenes, constructed from nucleotide sequences is shown in Fig. 3 , which is published as supporting information on the PNAS web site. The tree suggests the existence of two ancestral CLEC2D lineages in the mammals Table 1 for details.
tested, CLEC2Da and CLEC2Db. The CLEC2Db lineage might have become extinct in the two rodent species and the cattle. All rodent CLEC2D genes are derived from the CLEC2Da lineage, and they all form a single monophyletic clade supported by a high bootstrap value, suggesting that they started to diverge after the divergence of rodents from other mammals. Because of this phylogenetic relationship, we use a different nomenclature for the CLEC2D genes in rodents than the mouse genomic nomenclature committee (MGNC; see Table 1 for details). From these observations, it seems that most prone to amplifications are some of the genes at or near the KLRA and CLEC4 ends of the NKC. This observed polarity may be accidental. It may not be coincidental, however, that one of the rapidly expanding genes (CLEC2D) has been identified recently (6, 7) as encoding the ligand of one of the KLR genes in the NKC (KLRB1). Interestingly, KLRB1 and CLEC2D genes are intermingled within the NKC. It is tempting to speculate that the expansions might be related to the coevolution of the ligand with its receptor. The fact that the orthologies of the expanded genes in rodents are difficult to ascertain suggests that the sequences might have diverged very quickly after the duplications. On the other hand, however, the tree in Fig. 3 suggests that some of the duplications took place before the divergence of the mouse and rat species Ͼ30 million years ago (11) . Analysis of the presence and absence of genes in the different species suggests that, corresponding to the gains, there have also been gene losses in rodents (data not shown). Overall, rodent NKCs evolve more rapidly and are less stable than NKCs of nonrodents because of the high birth and death rate.
Positive Selection During the Early Expansion of the CLEC2D Genes in
Rodents. On the phylogenetic tree in Fig. 3 , the branch A leading to the clade of the expanded rodent CLEC2D genes is rather long, suggesting the possibility that positive selection might have been involved in the expansion. To test this possibility, we inferred the ancestral CLEC2D sequences from the functional CLEC2D sequences (pseudogenes excluded) and then estimated the number of nonsynonymous (a N ) and synonymous (a S ) substitutions per sequence per branch. The results show that, after speciation at node a, there were 13 nonsynonymous substitutions but no synonymous substitution on branch A (Fig. 3) . The Fisher's exact test that compares the ratio of a N ͞a S with the expected ratio (N͞S) gives statistically significant support (P ϭ 0.04) for the positive-selection hypothesis. During the early divergence of the rodent CLEC2Da genes (branches A, B, and C), there are a total of 47 nonsynonymous substitutions and only four synonymous substitutions. For comparison, in the lineage leading to the cattle CLEC2Da genes, there were 17 nonsynonymous and 35 synonymous substitutions. These observations suggest that a functional differentiation driven by positive selection occurred at the early stage of the divergence of rodent CLEC2Da genes. At this stage, however, what kinds of functional change have occurred is unclear.
Putative NKC Sequences of Opossum and Chicken. The demonstration that the 28 orthologous NKC gene lineages diverged from one another before the divergence of the four placental mammal orders raises the possibility that the divergence might have occurred much deeper in the evolutionary past. To explore this possibility, we extended the search for NKC genes to the opossum, a representative of marsupial mammals, which diverged from the placental mammals Ϸ170 million years ago (MYA), and to the domestic fowl (chicken), a bird representative, which diverged from mammals Ϸ310 MYA (12) . The genomes of these two species are currently being sequenced and, although the data thus far available are incomplete, they nevertheless afford us an insight into the long-term evolution of the NKC genes.
The search of the currently chromosome-wise unassembled opossum genome yielded eight sequences homologous to the NKC genes of placental mammals. We used their translated amino acid sequences, together with the chicken sequences (see below) and selected sequences of placental mammals, to construct a phylogenetic tree by the NJ method (see Fig. 4 , which is published as supporting information on the PNAS web site). The criteria for the selection of the placental mammal sequences were full coverage of the previously identified 28 gene lineages (Fig. 2) and representation of one rodent (mostly mouse) and one nonrodent (human, in most cases) genes for each lineage. The observed good correspondence between the topologies of the trees in Figs. 2 and 4 indicates that the selection procedure did not bias the sample. On the tree in Fig. 4 , four of the eight opossum sequences ally themselves with the CLEC4 cluster and so, presumably, represent CLSF group II genes; the remaining four sequences are apparently group V genes. One of the four opossum group II sequences, CLEC4E, shows an orthologous relationship to the placental mammalian CLEC4E genes. This observation indicates that the origin of the CLEC4E gene lineage and, hence, the divergence of CLEC4E from the other CLEC4 gene lineages occurred before the divergence of marsupial and placental mammals. The remaining three opossum group II sequences are in an outgroup position to the entire CLEC4 cluster together with a singleton cattle sequence, whose chromosomal location is undetermined. The existence of this outgroup cluster suggests that it might represent a new ancestral CLEC4 gene lineage or even some other group II CLSF genes. The four group V opossum CLSF genes appear to be orthologues of the CLEC1A, CLEC1B, KLRK1, and CD69 genes in placental mammals. In each case, the opossum sequence is in an outgroup position to the placental mammal members of the gene lineage, and the clade is supported by a high bootstrap value. Overall, these observations suggest that at least five NKC genes are present in the opossum and that they originated before the divergence of marsupial and placental mammals.
By searching the chicken genome, we identified ten NKC-like sequences, and, by searching a chicken EST database, we have found nine additional sequences. Two of these sequences were reported in ref. 13 . From the phylogenetic tree (Fig. 4) , only one group II CLSF sequence, which comes from the EST database, has been identified in the chicken, whereas the remaining 18 chicken sequences apparently represent CLSF group V genes. These two groups of CLSF genes, therefore, must have diverged from each other before the divergence of mammals and birds. The two previously reported chicken NKC sequences are on chromosome 16, linked to the chicken MHC (13) . The genomic sequence corresponding to the first reported sequence, B-lec, has only the first two exons of the CTLD-encoding part on chromosome 16, whereas the third exon is located on an unmapped contig. Yet, the EST database contains a full-length CTLD sequence corresponding to B-lec. These discrepancies are probably caused by genome assembly errors, although the possibility of haplotype polymorphism has not been excluded. On the tree, another reported sequence, B-NK, forms an outgroup to the KLRB͞F cluster, pushing its origin to the time before the bird-mammal split. The remaining 17 sequences are affiliated with the CLEC2 cluster of genes in placental mammals, one forming an outgroup to the pair of CLEC2A and CLEC2D lineages, and the other 16 chicken sequences, forming a monophyletic clade in an outgroup position to the group of CLEC2A, CLEC2B, and CLEC2D genes of placental mammals.
Discussion
Our data indicate that a NKC similar to the human and mouse complexes exists also in three other species of placental mammals: rat, dog, and cattle (Fig. 1) . Because these five species represent four very different orders of placental mammals, it is probably safe to predict that all placental mammals have a NKC, although not always as a single region on one chromosome: some species may have it split, like the cattle, into two parts residing on different chromosomes. The incompleteness of the characterization of the opossum and chicken genomes, compared with the five placental mammals, precludes us from making any firm statements about the organization of the NKC genes in nonplacental mammals and birds, at this stage. For convenience, we refer to the homologues in these species as putative NKC sequences, keeping in mind that they may not be clustered together in a manner similar to that of the five species of placental mammals.
In terms of the type of genes it contains and their evolution, the NKC of the placental mammals is a heterogeneous chromosomal region, and, to discuss its evolution, it is expedient to distinguish four levels of its heterogeneity. At the first level, the NKC genes fall into 2 of the 14 groups of CLSF genes, namely, groups II and V. We have demonstrated that genes belonging to these two groups are present not only in placental mammals, but also in marsupials and in birds. The two groups, therefore, must have separated from each other before the separation of mammals and birds. How far back in evolution the separation of the two groups occurred is uncertain. Group II genes have been described in teleost fishes, as have genes belonging to several other CLSF groups (14, 15) . The presence of group V genes in teleosts is, however, controversial. Some authors have failed to identify them in genomes of those fishes that have been sequenced (15) , but others (16, 17) have described whole clusters of such genes in certain teleostean orders. A gene with weak phylogenetic affinity to human group V genes has even been reported to be present in the genome of a protochordate (18) . In all of the placental mammals tested, the group II and V genes of the NKC reside in separate genomic segments, either adjacent to each other on the same chromosome (human, mouse, rat, and dog), or on different chromosomes (cattle). Orphan genes belonging to these two groups may also be scattered over other genomic regions. Of the two different arrangements of group II and V NKC genes, the linked one seems to be more ancient, because it is more parsimonious than the alternative. Presumably, the separation of the two segments occurred in the evolutionary lineage leading to the artiodactyls. The divergence of group II and V genes presumably took place by tandem duplication, followed by a series of intragroup duplications. Although some of the duplicated genes may have been transposed to other chromosomes, the bulk of them has remained clustered together, the group II duplicates in one segment and the group V genes in an adjacent segment.
The second level of NKC gene heterogeneity is reflected in the distinction of the KLR from the CLEC genes. The KLR genes are unified by their expression in the NK cells and their function. The expression of an NKC gene in NK cells alone is apparently not sufficient to make it a KLR gene, because there are members of the CLSFs that are expressed in NK cells, yet do not function as KLR genes. Some of the CLEC genes apparently belong to this category (e.g., CLEC2D genes; ref. 6); several other CLEC genes, however, are expressed in different cell types but not in NK cells (19, 20) . The CLEC genes lack a positive unifying feature that would distinguish them from the KLR genes; they are defined negatively as NKC genes whose products do not function as NK cell receptors. They will probably turn out to be a heterogeneous group with different genes specialized to different functions.
The third level of NKC gene heterogeneity is manifested in the existence of gene families, groups of genes belonging to different, but closely related, orthologous lineages. In addition to their close phylogenetic relatedness, members of the same family are generally also clustered on the genetic map of the NKC. These two characteristics identify families in both the group II and group V segments as well as in KLR and CLEC genes. The correspondence between the phylogenetic and physical clustering of genes within a family can be explained by the evolutionary history of the NKC genes, specifically by their origin by tandem duplication and the retention of their positions after the duplication events.
The fourth level of NKC gene heterogeneity is the differentiation into the individual genes, most of which have orthologues in the different species of placental mammals. At this level, too, there is a considerable degree of evolutionary conservation manifested in the existence of the 28 orthologous lineages presumably retained throughout the evolution of the placental mammals. The divergence of the 28 NKC gene lineages apparently predates the radiation of placental mammals. How far back the divergence occurred is not clear. The three NKC gene lineages identified in the chicken imply that the NKC might have started to expand after the divergence of birds from mammals.
The heterogeneity at all of the four levels reveals a surprising and seemingly paradoxical feature of NKC evolution. Much of the heterogeneity implies genomic instability, yet the complex also displays a remarkable degree of conservation. Behind much of the instability is the birth and death process, in which new genes are created by repeated gene duplications, and some duplicate genes can stay in the genome for a long time, whereas others may become pseudogenes and are eventually lost (21) . Evidence for the process is apparent everywhere within the complex and in all of the species (Figs. 1 and 2 ), but nowhere is its effect as striking as in the four orthologous gene groups in the two rodent species KLRA1, KLRB1, CLEC2D, and CLEC4A͞ B͞C. The KLRA gene group shows an expansion that occupies almost half of the entire NKC in the two rodents. By contrast, there is only one KLRA gene in each of the other placental mammals studied thus far (22) , except horse (23) . Similarly, the CLEC2D lineage is much expanded in rodents, as are the KLRB1 genes (Fig. 3) , which code for the receptor of the CLEC2D-encoded proteins. Why the two rodents are so strongly affected by the birth and death process is unclear. Behind the increased rate of gene birth and gene loss could be factors peculiar to all rodents or to the individual NKC genes. If the former were the case, there would have to be an across-the-board increase in the rate of gene duplication and loss in a variety of genes over the entire rodent genome. Although there seems to be some increase in the frequency of gene duplication͞deletion in some other rodent gene families (24, 25) , its magnitude is insufficient to explain the values observed in the case of the NKC. Hence, the rodent NKC-specific factors might also play important roles in the expansion. An indication that this might be so is the observation of an increased rate of nonsynonymous substitutions in the lineage leading to the rapidly duplicated rodent CLEC2D genes (Fig. 3) . The increase is indicative of positive selection, which might be driven by the need of these genes to coevolve with the expanding rodent KLRB1 genes encoding their receptors. For many of the other NKC-encoded KLRs, the ligands are encoded in the MHC genes (26, 27) , which are well known for their instability in rodents. In some rodent species (e.g., the mole rat), the MHC class I genes have expanded to an estimated 100 copies (24) , whereas in others (e.g., Syrian hamsters), they have been reduced to only a few genes (28) . Other evidence supporting the existence of rodent NKC-specific factors is the observation that KIR genes, which belong to the Ig superfamily and perform functions analogous to the KLRA in rodents, are expanded into a multigene cluster in primates, cattle, and other nonrodent mammals, whereas only one or two KIR-like genes are present in the mouse and rat (2, 29, 30) . Although the genomic instability manifested by the birth and death process may seem contradictory to the observed conservation of gene organization and of orthologous lineages, in fact, the two features might have the same basis: the coevolution of the receptors with their ligands. If so, one would expect the ligands to evolve by a similar interplay of destabilizing and stabilizing processes. Indeed, there are some tantalizing hints that this might be the case.
Materials and Methods
Characterization of C-Type Lectin-Like NKC Sequences. We searched human (Homo sapiens), mouse (Mus musculus), and rat (Rattus norvegicus) genome sequences from ENSEMBL (www.ensembl. org), assembly versions v27.35a, v27.33c.1, and v28.3e.1, respectively; dog (Canis familiaris) and cattle (Bos taurus) genome sequences deposited in NCBI, build number 2.1; opossum (Monodelphis domestica); and chicken (Gallus gallus) sequences deposited in the University of California, Santa Cruz, CA, database (http:͞͞hgdownload.cse.ucsc.edu͞downloads.html), October and February 2004. In the case of human, mouse, rat, dog, and cattle genomes, we first identified roughly the location of the NKC using the program TBLASTN (31) (ftp:͞͞ ftp.ncbi.nih.gov͞blast), using the known mouse NKC protein sequences as queries. We then retrieved the entire sequence of the NKC-bearing chromosome and used it as a database to perform a homology search for the C-type lectin-like NKC sequences using the TBLASTN program. By using high expected E-values (E ϭ 10), we ensured that all C-type lectin-like NKC sequences would be retrieved. For the human and mouse NKC analysis, the queries were all annotated CTLD (INTERPRO domain ID: IPR001304)-containing protein sequences from the NKC region retrieved from ENSEMBL by using the data mining tool BIOMART (www.ensembl.org͞Multi͞martview). For the poorly annotated genomes of rat, dog, and cattle, we used as queries not only the ENSEMBL-annotated C-type lectin-like sequences in NKC, but also all the human and mouse sequences identified as described above. The sequence fragments that contain only part or none of CTLD were not considered.
Because of low sequence similarity outside of the CTLD in the opossum and chicken genomes, we limited our search to the CTLD of homologous NKC sequences only. The CTLD sequences of the representative NKC genes from human, mouse, rat, dog, and cattle genomes identified above were used as queries to search the opossum and chicken genomes. We also searched one of the largest chicken EST databases, BBSRC chickEST (www.chick.umist.ac.uk), for sequences homologous to the CTLD of mammalian NKC genes.
Phylogenetic Analysis and Nomenclature. We constructed a phylogenetic tree from protein sequences aligned by using the program MAFFT with the option of E-INS-I (http:͞͞timpani. genome.ad.jp͞%7Emafft͞server). We used the NJ method (32) in the program MEGA3 (33) , with the pairwise deletion option. The proportional amino acid differences (p-distances) were used. The tree was evaluated by 1,000 bootstrap resamplings. In the case of CLEC2D genes, which contain several pseudogenes in rodents, we constructed a NJ tree of the nucleotide sequences with Jukes-Cantor distance. The nucleotide sequences of all ancestral nodes of the phylogenetic tree were inferred from the present-day putatively functional CLEC2D sequences by using the program ANC-GENE (34) .
For the gene names, we used the HUGO gene nomenclature (www.gene.ucl.ac.uk͞nomenclature)andMGNC(www.informatics. jax.org͞mgihome͞nomen) with minor modification, taking into account their phylogenetic relationship. Except for two gene names, CD69 and OLR1, all of the remaining NKC genes were named starting with either KLR or CLEC. The fourth and fifth letters (or numbers) refer to different orthologous genes or gene groups. We define an orthologous gene (or gene group) as a group of sequences from different species, all derived from a single most recent common ancestor. 
This study The NKC described in some previous studies does not contain the CLEC4 cluster of genes, which includes CLEC4A/B/C, CLEC4D, and CLEC4E, etc. However, in this study, we included this cluster into the NKC because (i) its encoded proteins share the same domain organization with other NKC proteins; (ii) in rodents, this cluster is located between KLRG1 and KLRB1 of the NKC; (iii) some of the genes in this cluster are known to be expressed on NK cells; and (iv) the genes encode inhibitory and activating immunoreceptors, as do several NKC genes. *(p), Putative or reported pseudogene. Putative functional C-type lectin-like sequences were defined as follows: (i) the sequence starts with methionine (M); (ii) the sequence contains full CTLD encoded by three exons; and (iii) there is no premature stop codon anywhere before the end of CTLD. Sequences not meeting these criteria were considered to be putative pseudogenes.
† The gene has not been mapped into chromosome. ‡ I, inhibitory, A, activating receptors. The inhibitory receptors have an immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic region. The activating receptors carry a positively charged residue in their transmembrane region that recruits an adaptor molecule containing an immunoreceptor tyrosine-based activating motif (ITAM). § Dog NKC contains a few small fragments that might be relics of KLRC genes. ¶ Gene names assigned in this study. In human, CLEC4N = CLEC6A in HUGO, CLEC1C = CLEC12A. In mouse, CLEC2D2 = CLEC2h in MGNC, CLEC2D3 = CLEC2i, CLEC2D5 = CLEC2g, CLEC2D6 = CLEC2f, CLEC2D7 = CLEC2e, CLEC2D8 = CLEC2d, CLEC1C = CLEC12A.
||
Rat KLRG2 has no transmembrane domain and cytoplasmic tail. **The gene order of this cluster in rodents is CLEC4A1, CLEC4A3, CLEC4A4, CLEC4B2, CLEC4A2, and CLEC4B1 in mouse; CLEC4A1, CLEC4A3, CLEC4A4, CLEC4A2, and CLEC4B in rat, starting from the KLRG1 end. 
